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Studies on the design of catalysts of RNA cleavage are driven by significant advances in our understanding of catalyst mechanism; and, investigations of novel catalysts with high activity offer the potential to improve our understanding of mechanism. Therefore, a possibility exists for the synergy of results from collaborative work on the mechanism of RNA cleavage and the design of catalysts of the cleavage reaction. There are difficulties in merging studies on mechanism and design, because the strengths and interests required to make progress in these different types of studies are not often found in a single laboratory. Studies on reaction mechanism are driven primarily by intellectual curiosity and require a detailed understanding of kinetics and structure-reactivity effects. On the other hand, the catalyst design is driven to a greater extent by the desire to produce reagents with practical applications and requires considerable experience in the synthesis of inorganic metal complexes and an understanding of their properties.
In this work, we have investigated kinetics of uridylyl(3' → 5')uridine(3',5'-UpU) cleavage by a lanthanide catalysts.
Mononuclear complexes containing two types of macrocyclic ligands including complexes which contain La(S-THP) 3+ and Eu(ATHC) 3+ have been studied. The long-range goal of this work is to obtain basic insight in to a challenging chemical problem, and to produce catalytic agents that are of practical value.
Experimental Section
General Procedure. All reagents were of reagent grade and were used without further purification, unless otherwise noted. Milli-Q purified water was used for kinetic experiments. CHES(2-(cyclohexylamino)ethanesulfonic acid) and uridylyl(3' → 5')uridine ammonium salt(3',5'-UpU) were of reagent grade and purchased from Sigma Chemicals and Aldrich. The free base form of cyclen(1,4,7,10-tetraazacyclododecane) was generated by passing the tetrahydrochloride salt (parish chemical) through a Dowex 1 × 8-200 anion exchange column (30 cm × 2.5 cm, hydroxide form). Solution pH values were measured at 25 o C by use of an Orion digital pH meter equipped with a temperature compensation probe.
La(CF3SO3)3 and Eu(CF3SO3)3 were obtained by treating the respective lanthanide oxides with concentrated trifluoromethanesulfonic acid as reported previously. 8 1,4,7,10-Tetrakis(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane (S-THP) was prepared by treating cyclen with a 50% excess of propylene oxide in absolute ethanol at room temperature for 2 days as reported previously. 9 1-(Carbamoylmethyl)-4,7,10-tris (2-hydroxyethyl)-1,4,7,10-tetraazacyclododecane (ATHC) was prepared through four step reactions which started from the reaction of cyclen with benzyl chloride by the well-known method. 10 The lanthanide complexes La(S-THP)(CF3SO3)3 and Eu(ATHC)(CF3SO3)3 were prepared from their respective lanthanide salts and the free base form of the macrocycle as described previously. 10, 11 Kinetic Measurements. The kinetics for cleavage of 3',5'-UpU were measured by monitoring the appearance of uridine by use of a Waters 600E HPLC equipped with a 490 UV-vis detector. The p-nitrobenzenesulfonate sodium salt was used as an internal standard. Reactions were analyzed on a C18 column (250 mm × 4.6 mm). Solvent A: 60 mM acetate buffer at pH 4.3. Solvent B: 100% MeOH. For experiments with 3',5'-UpU, an isocratic flow of 90% solvent A and 10% solvent B was used with an isocratic flow of 2.0 mL/min over 20 min. The reaction mixture (total volume 0.5 mL) contained 0.32 mM of 3',5'-UpU, 0-1.5 mM of lanthanide complexes, 20 mM CHES buffer (pH 8.9), 0.02 mM internal standard, and 0.1 M NaNO 3 . A 50 µL aliquot was removed from the reaction mixture, then 50 µL of 0.1 M acetate buffer was quenched and subjected to HPLC analysis to determined the t = 0 integration. Because the slow rate of cleavage of 3',5'-UpU, the method of initial rates was employed.
Results and Discussion
Kinetics of Cleavage of 3',5'-UpU. The kinetics of cleavage of 3',5'-UpU by the lanthanide(III) complexes was monitored by the production of uridine species by use of HPLC equipped with a 490E UV-vis detector.
The products of cleavage of 3',5'-UpU were seperated by HPLC and identified with peak detection at 240 nm using a Waters 996 diode array detector. The products were identified by comparison of the HPLC retention time with that for authentic material. The products were generally analyzed after a reaction time of 20 min. Cleavage of 3',5'-UpU produces 2',3'-cyclic phosphate (3.27 min), U3'-P (3.8 min), U2'-P (4.5 min), Uridine (5.5 min), 2',5'-UpU (16.7 min), and 3',5'-UpU (17.7 min).
The f cleavage was calculated from the ratios of the peaks areas of the uridine and 3',5'-UpU determined by HPLC analysis, according to eq. (1). f cleavage is the fraction of 3',5'-UpU that is converted to the uridine product.
Where Area Uridine /Area standard and ε Uridine /ε standard are the ratio of peak areas from HPLC analysis and the extinction coefficients of uridine and internal standard at 240 nm. The ratio of the extinction coefficients for the uridine and standard gave 1.10. Area UpU /Area standard and ε UpU /ε standard are the ratio of peak areas from HPLC analysis and the extinction coefficients of 3',5'-UpU and internal standard at the wavelength of the analysis. The ratio of extinction coefficients for the these materials determined 2.14. The rate constants (k obs ) for cleavage of 3',5'-UpU were calculated from the slope of a plot of f c against time (Figure 1) .
The rate constants for cleavages from 3',5'-UpU promoted by La(S-THP) 3+ and Eu(ATHC) 3+ complexes are listed in Table 1 . In the presense of a La(S-THP) 3+ complex (0.5 mM, 1.0 mM, and 1.5 mM), the rate constants (k obs ) were 2.07 × 10
, and 5.43 × 10
, respectively. For Eu(ATHC) 3+ complex (0.5 mM, 1.0 mM, and 1.5 mM), the rate constants (k obs ) were 2.5 × 10 −8 s In this equation, the first term is the second-order rate constants by metal complex-catalyzed (k c ) and the second term is the first-order rate constant for the spontaneous reaction. The k c values were determined from the slopes of the plots (Figure 2 ). The k 0 value was obtained by the same procedure except that the reaction was not added to complex to reaction solution.
The second-order rate constants for cleavages from 3',5'-UpU promoted by lanthanide(III) complexes are listed in Table 2 . The second-order rate constants of cleavages of 3',5'-UpU by La(S-THP) 3+ and Eu(ATHC) 3+ in solutions buffered at pH 8.9 were measured to be 3.36 × 10 Mechanism for Cleavage of RNA. The 2'-OH of the ribose ring greatly increases the lability of RNA compared to DNA, 12 and provides an additional site for catalysis of RNA cleavage. This is because RNA cleavage proceeds with intramolecular attack of 2'-OH on the phosphate diester to form a cyclic 2,3-phosphate diester (Scheme 1). 3, 5, 13 There are three sites at phosphate diesters where interactions with a metal ion complex might result in stabilization of the transition state for the cleavage of model ribonucleic acid phosphate diesters 1-OR. (i) The metal ion may form a chelate to the anionic phosphate group (a, 1-OR). The effect of this interaction is to increase the electrophilic reactivity of the phosphate group by stabilizing the transition state for formation of the oxyphosphorane dianion. (ii) The metal ion may interact with the C-2 oxygen (b, 1-OR) and facilitate formation of a nuclelphilic alkoxide ion. (iii) The metal ion may interact with the oxygen of the leaving group (c, 1-OR) and stabilize the negative charge that developes at the transition state for explusion of this leaving group.
Evalution of Catalytic Activity of Macrocyclic Complexes. Lanthanide complexes of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate (DOTA) are among the most thermodynamically stable and kinetically inert lanthanide (III) complexes known to date.
14 The tetraazacyclododecane derivatives reported here are an attractive choice as ligands because of their ease of functionalization for attachment to bimolecules 15 and the large choice of pendent groups for modification of macrocycle properties. 16 To ascertain the effect of a pendent groups on RNA cleavage rates, macrocyclic complexes of Eu(III) with an amide and three hydroxyethyl pendent groups and the macrocyclic complexes of La(III) with a single stereoisomer that has the S configuration at the α-carbon of the hydroxypropyl groups have been studied.
Kinetic experiments with La(S-THP) 3+ and Eu(ATHC) 3+ complexes demonstrate that these complexes promote for the cleavage of the 3',5'-UpU (Tables 1, 2 & Figure 1 ). The second-order rate constants of cleavages of 3',5'-UpU by La(S-THP) 3+ and Eu(ATHC) 3+ in solutions buffered at pH 8.9 were measured to be 3.36 × 10 , respectively. The second-order rate constants for the La(S-THP) 3+ complex is approximately 10 fold larger than that obtained for Eu(ATHC) 3+ complex. The ability of rate accelerations for this reaction may also be deduced by comparing the k c /k 0 values. A larger value of k c /k 0 for catalysis of cleavage of RNA is expected for catalysis by metal ion complexes that specifically stabilize the transition state. La(S-THP) 3+ and Eu(ATHC) 3+ promote cleavage of 3',5'-UpU approximately 10 3 -10 4 fold the larger than that in the absence of complexes under same conditions. Stabilization may result from interaction of the metal ion with the phosphate oxygen, the ribose 2'-OH or leaving group. The La(S-THP) 3+ complex is also 10-fold more effective than Eu(ATHC) 3+ complex. In conclusion, for cleavage of 3',5'-UpU, the La(S-THP) 3+ complex is a better promoter than the Eu(ATHC) 3+ complex. The pendent groups will undoubtedly have an effect on the kinetic inertness of the lanthanide(III) complexes as well as its ability to catalyzed the cleavage of RNA. For cleavage of bis(4-nitrophenyl)phosphate, the substitution of one alcohol group of Eu(THED) 3+ with an amide group does not substantially retard reactions where the pendent alcohol group is the nucleophile. 17 In contrast, the hydrolytic cleavage of RNA by lanthanide(III) mycrocyclic complexes is much more sensitive to macrocycle structure. Eu(III) macrocyclic complexes with mixed amide and alcohol pendent groups are 10-100 fold less effective catalysts for phosphate diester transesterfication or RNA cleavage than Eu(THED) 3+ (THED =1,4,4,7-tetrakis(2-hydroxyethyl)-1,4,7,10-tetraazacyclododecane). 17 A simple explanation for the enhanced reactivity of Eu(THED) 3+ containing only hydroxyethyl groups compared to macrocyclic complexes with mixed amide and hydroxyethyl is that the hydroxy group facilitates cooperative catalysis by the chelated lanthanide(III) ion. Hydroxy pendent groups are activated by metal ion coordination to , the Lewis acidity of the lanthanide ion increases. 20, 21 Therefore, the decrease in ionic radius from La 3+ to Eu 3+ may modify the Lewis acidity and the resultant pK a values of bound water molecules as well as the coordination number of the lanthanide ion. 21 Changes in coordination and variation in the Lewis acidity of the lanthanide(III) (as measured by the pK a of lanthanide water or lanthanide-bound hydroxyalkyl) are important properties to consider in choosing a trivalent lanthanide ion as a catalyst. Alcohol groups bound to Lewis acidic metal ions may be readily deprotonated. Such metal ion bound alkoxide ligands have previously been shown to act as nucleophiles in displacement reactions of phosphate diesters 18a,22 and nucleotide triphosphate. 23 The pK a value as determined by potentiemetric titration is 8.1 for the La(S-THP) 3+ complex. 18d Although the pK a value for Eu(ATHC) 3+ is not known, the pK a values for Eu(ABHC) 3+ , Eu(THED) 3+ and Eu(CNPHC) 3+ are estimated to be 8.1, 7.5, and 7.5 suggesting that the bis(amide) complex is a poorer Lewis acid. 10 Therefore, the pK a for the Eu(ATHC) 3+ is expected to be smaller than the pK a of La(S-THP) 3+ complex. From comparison of pK a values, the Eu(ATHC) 3+ complex is the better Lewis acid than the La(S-THP) 3+ . One might have anticipated that the Eu(ATHC) 3+ complex, as the better Lewis acid, would be the better promoter. However, in the our results, increasing Lewis acidity of the lanthanide(III) (as indicated by pKa) does not correlate to increasing effciency of the complex in promoting for the RNA cleavage. These results in reactivity are attributed in parts the larger number of coordination sites of La(S-THP) 3+ compared to the Eu(ATHC) 3+ complex. Because of the larger size of the lanthium(III) ion, it likely that the coordination number in the macrocyclic complex is greater than that for the analogous europium(III) complex. The large number of coordination sites of the lanthanide(III) ions makes it possible to design complexes that do not readily dissociate in water yet retain open coordination sites for catalysis. This difference may be important for catalysis and may contribute to the larger k c obserbed for the lanthanium(III) complex.
